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Abstract 
This paper presents an overview of the R5 high temperature creep-fatigue procedure for austenitic materials.  In particular 
revision to the weld procedures to be incorporated in the upcoming version of R5 are discussed in detail.  The main feature of the 
new approach is that the traditional fatigue strength reduction factor (FSRF) which is applied to both creep and fatigue strain 
predictions is separated into a local weld strain enhancement factor (WSEF) and weld fatigue endurance reduction (WER).  The 
new method is applied to the example of a fillet welded attachment on a boiler tube where a significant increase in predicted life 
is illustrated by adopting the new method new method.  The principal advantage stems from a reduction in the predicted stress at 
the start of creep dwells and hence the level of creep damage in a cycle. 
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1. Introduction 
 
The UK Central Electricity Generating Board (CEGB) developed procedures for assessing the lifetime of 
high temperature components to enabled assessments of the integrity of plant operating in the creep regime with a 
particular focus on fossil-fired and nuclear power generating plant.  The basis for this development was that whilst 
design codes for high temperature plant existed, more accurate life assessment methods were needed to address 
specific areas, for example, weldments, creep-fatigue assessment.  
 
The procedures became known as the ‘R5 Procedures’, which are now maintained by EDF Energy. The R5 
procedures [1)] are a UK nuclear power industry standard, frequently used in safety cases for structural integrity 
assessments of Advanced Gas-Cooled Reactor (AGR) components operating in the creep range. The procedures are 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Indira Gandhi Centre for Atomic Research
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also relevant to high temperature plant outside the nuclear power generation industry and are referenced by a 
number of fitness for service standards, for instance by API 579 [2).   
 
R5 divides the assessment of components operating in the creep regime into two stages. The first stage, 
which is the focus of this paper, addresses the time for cracking to occur in an initially defect-free component as a 
result of combined creep and fatigue damage.  The second stage considers the time for a crack in the component to 
grow to a critical size. Confidence in the application of R5 has been obtained by programmes of experimental 
validation and supporting theoretical and numerical research. Input data for the assessments is often taken from R66 
[Error! Reference source not found.]. 
 
Real instances of creep and creep-fatigue cracking in high temperature plant components are generally 
associated with discontinuities, the most frequently observed being in weldments where cracking often initiates and 
grows in susceptible microstructural regions, such as the heat affected zone (HAZ).  These areas also happen to be 
associated with stress raising features such as the weld root or toe.  R5 has historically treated welds by adopting 
Fatigue Strength Reduction Factors (FSRFs) to adjust the strain range modifying both the creep and fatigue damage 
levels.  The FSRF takes into account the reductions in fatigue endurance and enhancements in strain due to material 
mismatch and local geometry effects.  Different FSRFs are adopted for dressed and undressed welds in common 
with other codes [Error! Reference source not found.] however it has been observed that this has led to overly 
conservative assessments.  The approach is now being modified with fatigue endurance being decoupled from local 
strain enhancement.  The background to the R5 assessment along with recent modifications to weld assessment are 
presented in this paper along with a simple example of the new method. 
2. R5 Method 
 
The R5 procedures provide an assessment of the continuing integrity of a component, where the operating 
lifetime might be limited by one of the following mechanisms: 
 
1. excessive plastic deformation due to a single application of a loading system, 
2. creep rupture, 
3. ratchetting or incremental plastic collapse due to a loading sequence, 
4. creep deformation enhanced by cyclic load, 
5. initiation of cracks in initially defect-free material by creep and creep-fatigue mechanisms, 
6. the growth of cracks by creep and creep-fatigue mechanisms. 
 
The R5 volume 2/3 procedure covers points 1-5.  While it is not the intention of this paper to reproduce the 
assessment in detail the key steps undertaken a basic assessment of parent metal are summarised below for a simple 
cycle with a dwell at the stress peak.  For more detailed cycles R5 provides comprehensive guidance on determining 
hysteresis loops: 
2.1 Resolve Load History into Cycle Types 
The complete load history of a component is required to define the cyclic conditions in the region under 
investigation noting that the region for investigation is often that at the surface of the component.  The history needs 
to be broken down into well defined cyclic events or service cycles.  Each different service cycle has an associated 
cyclic load, a steady state load which operates during a dwell or hold period and a characteristic temperature.  
Detailed advice on defining and constructing cycles types is given in R5 and is similar to other codes, such as 
ASME and RCC-MR 
2.2 Perform Elastic Stress Analysis 
Elastic stress analyses are performed at critical locations to determine the variation, with position x and 
time t, of the multiaxial stress field ߪ෤௘௟ሺݔǡ ݐሻ throughout the component, for each different service cycle.  For each 
type of cycle, the von Mises equivalent elastic stress and strain, ߪത௘௟ሺݐሻand ߝ ҧ௘௟ሺݐሻǡand equivalent elastic stress and 
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strain ranges οߪത௘௟ and  οߝҧ௘௟, at the chosen locations (x), are calculated from the history of the multi-axial stress field 
ߪ෤௘௟ሺݔǡ ݐሻ.  The stresses are split into primary, P, and secondary, Q, stress ranges. 
2.3 Demonstrate Sufficient Margins against Plastic Collapse 
These tests are standard to many codes and are specified in R5 to ensure that the component does not suffer 
plastic collapse on the first application of load. 
2.4 Determine Whether Creep is Significant 
The effects of creep may be neglected if the sum of the ratios of the hold time t to the maximum time tm, at 
the maximum temperature in the dwell Tref for the total number of cycles nj of each cycle type j, is less than one. 
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 Curves of tm as a function of temperature are provided in R5 based on criteria in [Error! Reference source not 
found.].   
2.5 Demonstrate that Creep Rupture Endurance is Satisfactory  
The rupture reference stress (ıRref) is calculated as a function of the primary load reference stress, 
ıref=Pσy/PL, where P represents the magnitude of the primary load and PL is the corresponding value at plastic 
collapse for a rigid plastic material with yield stress σy.  For creep ductile materials creep rupture life is assessed 
using the rupture reference stress calculated for each cycle as: 
ıୖ୰ୣ୤ ൌ ሾͳ ൅ ͲǤͳ͵ሺȤ െ ͳሻሿı୰ୣ୤Equation 2 
where Ȥ is equal to the ratio of the maximum primary elastic Von Mises stress at the point of assessment 
over the primary load reference stress.  Creep usage is summed using a simple life fraction approach to ensure that it 
remains below a value of 1.  
2.6 Perform Simple Test for Shakedown or Perform Global Shakedown Check 
 
A general assumption in R5 is that the hysteresis loops can shake down to a stabilised condition.  If the 
equivalent elastic stresses determined from linearization are within the shakedown limit at all points along the stress 
categorisation line then it is assumed that the component is within global shakedown and ratcheting or progressive 
plastic deformation will not occur. . 
ıതୣ୪ǡ୪୧୬ሺǡ ሻ ൑ ୱ୷   Equation 3 
Here KsSy is a measure of the ability of the alloy to develop a steady cyclic behaviour, Sy is the minimum 
(temperature dependent) 0.2% proof stress for the material.  Values for Ks are provided in R5 and are based on 
stress-controlled cyclic stresses which determine the largest semi-stress range for which the material does not 
ratchet. 
 
R5 does allow for up to 20% off the section thickness to exceed the linearised elastic stress when 
compounded over the full thermomechanical fatigue cycle.  If this level is exceeded however a more detailed 
shakedown analysis is required. 
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2.7 Calculate the Fatigue and Creep Strain Incurred from each Cycle Type  
This step in the procedure represents a key stage in undertaking the crack initiation assessment and 
represents a major distinction from code-based assessments.  R5 presents a number of methods to calculate these 
strain levels, however the method which demonstrates the most appeal (and is demonstrated herein) provides a 
process for determining the half cycle hysteresis curves for the identified loading cycles.  The method is particularly 
applicable to welds and is laid out below for a simple in-phase thermomechanical cycle wherein the maximum 
temperature is coincident with the maximum stress in the cycle, . 
:. 
Firstly the elastically calculated equivalent stress range between the stress level at the start of a creep dwell 
and any stress level in the load cycle at which creep does not occur is established (οߪത௘௟ǡ௠௔௫).  This can be taken from 
elastic analysis with F-stress included or the linearised stress range enhanced by a SCF can be adopted.  
 
Figure 1Schematic of simple hysteresis curve with creep relation during a tensile dwell 
The elastic strain range is converted to an elastic plastic range by solving the Neuber relation whereby the 
product of equivalent stress and strain range is assumed constant between elastic and cyclic elastic plastic behaviour: 
οߪത௘௟ǡ௠௔௫οߝ ҧ௘௟ǡ௠௔௫ ൌ οߪത οߝ ҧ  - effectively transferring the point on the linear elastic stress-strain curve onto the non-
linear plastic cyclic stress-strain curve.  R5 usually adopts a Ramberg-Osgood relation to describe the uniaxial cyclic 
stress strain curve (a representation of the locus of hysteresis tips) to allow this calculation  
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where A and ȕ are constants.  A graphical interpretation of the transformation is provided in . 
 whereby the elastic curve peak stress/strain is now moved to point C. 
The calculated elastic-plastic strain range is then slightly enhanced by a volumetric strain, which accounts for the 
change in Poisson’s ratio with plastic strain. The volumetric correction term is calculated using the expression: 
( ) −− Δ×−=Δ elvvol K εε 1 Equation 5 
Where Kν is a function of Poisson’s ratio, Young’s Modulus and a secant modulus to account for plasticity. 
 
With the modified cyclic elastic/plastic stress range determine the absolute position of the start-of-dwell stress 
(point C) is calculated using the following method. 
1. Determine the stress range between shakedown limits at the non creeping and creeping end of the cycle, 
(KsSy)nc + (KsSy)c. 
2. For cycles where the stress range is within the cyclic yield range of the material, the start-of-dwell stress is 
determined by positioning the start of the cycle (point A) at -(KsSy)nc. As such, the following formula is 
used to calculate the start-of-dwell stress. 
( )
ncYS SK−Δ= σσ 0 Equation 6
 
For larger stress ranges a reference point which symmetrises the extent by which the range exceeds the upper and 
lower shakedown limits is adopted.  
 
Creep strain relaxation from the start of dwell stress considers the phenomenon of elastic follow up by incorporation 
of Z, the elastic follow up factor, with can be described by: 
܌ઽത܋
܌ܜ ൅
܈
۳ത
܌ોഥ
܌ܜ ൌ ૙  Equation 7 
Where ߝ ҧ௖ is the equivalent creep strain and ܧത ൌ ͵ܧȀʹሺͳ ൅ ߥሻǤ  Forward creep relations can be integrated simply 
when Z is taken to be a constant.  Alternatively stress relaxation data can also be employed (suitably adjusted by Z). 
2.8 Cyclically Enhanced Creep 
Checks are made to ensure that creep deformation resulting from the enhancement of creep strains by 
cyclic thermal loads does not lead to accelerated creep rupture in the case of brittle materials, using the principle of a 
Core Stress as employed in ASME III 
2.9 Calculate Fatigue Damage 
To calculate the fatigue damage the total enhanced strain range is determined by summing the 
elastic/plastic strain, volumetric strain and the creep increment as shown in . 
: 
−−−−
Δ+Δ+Δ=Δ cvolplt εεεε Equation 8 
The fatigue damage per cycle df, corresponding to the cyclic strain range is then defined as: 
܌܎ ൌ
૚
ۼ૙
 Equation 9 
Where N0 is the number of cycle to initiate a crack of size ao under continuous cycling at the strain range 
−
Δ tε .  The 
number of cycles, Nl, to cause failure in a laboratory test specimen may not be appropriate for thin sections.  For 
thin sections No can therefore be adjusted to consider the section thickness in which the assessment is undertaken.  
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This is done by defining an initiated defect size ao appropriate to the component being assessed.  First the relevant 
fatigue endurance data is sourced and then it is partitioned into the number of cycles for nucleation (Ni) and growth 
(Ng) via the relation: 
୧ ൌ ୪ െ ͺǤͲ͸୪ି଴Ǥଶ଼ Equation 10 
Where Ni is defined as the creation of a defect of length 0.02mm and Nl relates to the critical defect size in the 
laboratory test specimens (typically 6-10mm).  Ng, the growth period of the defect, is then given by: 
୥ ൌ ୪ െ ୧  Equation 11 
The number of cycles N’g=MNg to grow the crack from size ai to ao is then determined where M is given by: 
ࡹ ൌ
ࢇ࢓࢏࢔ ܔܖ൬
ࢇ૙
ࢇ࢓࢏࢔
൰ାሺࢇ࢓࢏࢔ିࢇ࢏ሻ
ࢇ࢓࢏࢔ ܔܖ൬
ࢇ࢒
ࢇ࢓࢏࢔
൰ାሺࢇ࢓࢏࢔ିࢇ࢏ሻ
  for ao>amin  Equation 12 
 
ࡹ ൌ ሺࢇ૙ିࢇ࢏ሻ
ࢇ࢓࢏࢔ ܔܖ൬
ࢇ࢒
ࢇ࢓࢏࢔
൰ାሺࢇ࢓࢏࢔ିࢇ࢏ሻ
  for ao<amin  Equation 13 
 
amin in these calculation is taken to be 0.2mm and No is then taken as the sum of Ni+Ng’ 
It should be noted that although these relations look somewhat onerous if ai is greater than 5ao then the value of M 
and No are insensitive to the value of al used.  
2.10 Calculated Creep Damage 
A distinguishing feature of the R5 method is that it adopts a ductility exhaustion approach to assess creep 
damage rather than a life fraction approach in other codes such as ASME III.  The creep damage per cycle, dc, is 
therefore given by:  
܌܋ ൌ ׬
ઽതሶ ܋
૓ത܎ሺો෥ሻ
܌ܜܜܐ૙   Equation 14 
Where Ԗത୤ is the appropriate creep ductility at the stress state of interest.  Creep damage is typically determined in the 
same step as the creep relaxation calculation described above. 
2.11 Calculated Total Damage 
The total damage for the loading history is found by linear summation of the fatigue and creep damage 
increments for each cycle type: 
 
۲ ൌ ۲܎ ൅ ۲܋ܟܐ܍ܚ܍۲܎ ൌ σ ܖܒ܌܎ܒ܉ܖ܌۲܋ ൌ σ ܖܒ܌܋ܒܒܒ  Equation 15 
 
۲܎൅۲܋ܟܐ܍ܚ܍۲܎ൌܒܖܒ܌܎ܒ܉ܖ܌۲܋ൌܒܖܒ܌܋ܒ Equation 15. 
3. Treatment of Welds 
Historically weldments have been analysed in R5 as parent material; the difference in behaviour of the 
weldment compared to the parent material being addressed by use of a Fatigue Strength Reduction Factor (FSRF).  
The FSRF takes into account reductions in fatigue endurance and enhancements in strain due to material mismatch 
and local geometry effects. Two separate assessment routes are provided for weldments in the undressed (as-
welded) and dressed conditions.  In both instances FSRFs are used to enhance the strain range, reducing the 
endurance of the weldment in both cases.  For dressed welds peak (F) elastic stresses are used to evaluate start of 
dwell stress values, whereas for undresses welds linearised stresses are employed and the FSRF-modified strain 
employed to determine the start of dwell stress.  Where the yield stress of the weld is higher than that of the parent 
the start of dwell stress is multiplied by the ratio of the two (or their cyclically hardened ratios if more appropriate).   
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It was generally recognised that the aforementioned approach is overly pessimistic and a modified approach, which 
is describe in detail in [Error! Reference source not found.] has been developed.   
 
Figure 2 Schematic of new route to split the historic FSRF into a WSEF and a WER for a simple cycle [4)]. 
 
The new approach separates the existing FSRF into the following components: 
• a Weld Strain Enhancement Factor (WSEF), which accounts for strain enhancement due to the weldment 
geometry (if applicable) and the material mis-match between weldment zones,  
• a Weld Endurance Reduction (WER), which accounts for the fatigue endurance reduction due to the 
presence of small imperfections (e.g. inclusions, porosity etc. 
 
Further, the modified procedures have been simplified by adopting a single route both for dressed and 
undressed weldments through the use of linearised stresses. 
The main steps in the modified procedure are illustrated in Figure 2.  Firstly the applicable elastic strain 
range is determined.  If an undressed weld is being considered the local stress range is enhanced by a SCF.  Current 
guidance is that a notch stress concentration factor given byܵܥܨ ൌ ߣ ቀ ఏଷ଴ቁ
଴Ǥହ
 should be applied to the linearised 
stress, where θ is the weld cap angle in degrees.  λ is taken as 1.15 for undressed welds and 1 for dressed welds 
although this guidance is currently under review as discussed in the example below. 
 
The modified stress range is used, in conjunction with the Neuber construction, to derive the corresponding 
elastic-plastic strain range using the parent material cyclic stress-strain curve. Following the volumetric strain 
correction a WSEF is then applied to the elastic-plastic strain range which, in conjunction with the WER, is used to 
derive the number of cycles to crack initiation in the fatigue damage calculation.  This compares with the use of the 
FSRF in the current route which is also shown in Figure 2.  The WER itself only represents a small adjustment to 
the fatigue endurance curves and is evaluated simply by removing the number of cycles to nucleate a small crack of 
depth 0.02mm from the fatigue endurance (Ni) in section 2.9. 
 
The WSEFs presented in Table 1 are employed in the assessments and have been derived such that the 
parent mean fatigue curve, factored by the WSEF and WER, provides a mean best fit to the weldment fatigue data 
assuming a log normal distribution of fatigue life.  
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Figure 3  Global and Local FEA Models 
  Detailed local models of the strap connection were produced using solid elements to extract through-wall 
stresses for specific strap/tube connections. Like the global models, the local models employed linear-elastic 
analysis. They consist of a short extent of tube, the detuning strap weld pad, a short extent of the strap, and each 
fillet weld (Figure 3). The boundary conditions for the local models are extracted from the global model. In addition, 
other loads on the local model (e.g. internal and external pressure and gravity) are applied.  This particular 
assessment is not concerned with a crack growing through the weld itself, as failure of the weld will simply release 
the detuning strap and not lead directly to a steam release. The considered crack location is therefore taken as one at 
the toe of the fillet weld from which a crack would growth through the tube wall, causing a leak.  Owing to the 
assessment being at this location parent material properties can be used throughout.  
  The stress range for the damage assessments is taken at the weld-toe of the weld pad. Linearised through 
wall stresses are extracted using a stress categorisation line (SCL), positioned at the weld-toe and orientated 
perpendicular to the tube surface (Figure 3).  Following extraction of these linear elastic stress ranges at the 
bounding location weld creep fatigue assessments are undertaken using both the previous and new weld methods in 
R5.  Complete details of each calculation cannot be presented here however key assumptions are listed below:  
4.1 Stress 
  Stress due to dead weight and pressure are taken as primary in nature.  System stresses due to thermal 
mismatch are taken as having secondary character with an elastic follow up factor (Z) of 3.  Three major thermal 
cycles associated with hot, warm and cold shut down are analysed. 
4.2 Materials Properties 
The relevant materials data are taken from R66 [3)] noting that parent data was used in this instance.  The 
forward creep law used to determine stress relaxation was expressed in terms of a strain-hardening approach (as 
recommended by R5) and was taken from, RCC-MR [5)] such that the relations took the form: 
ࢿሶ ࢖ ൌ ࡷࢿ࢖࢞࣌࢟ - Primary creep strain rate Equation 16 
ࢿሶ ࢙ ൌ ૚૙૙࡯࣌࢔ - Secondary creep rate   Equation 17 
Where n, n1, n3 ,C, C1, C2, C3 are constants for a given temperature and εp represents the primary creep 
࢖ൌࡷࢿ࢖࢞࣌࢟ - Primary creep strain rate Equation 16) until the secondary creep rate exceeds that of the 
primary.  At this point primary creep is no longer considered and any subsequent creep accumulation is described by 
࢙ൌ૚૙૙࡯࣌࢔ - Secondary creep rate   Equation 17). 
4.3 Creep Ductility and Multiaxial Behaviour  
The ratio of multiaxial to uniaxial ductility (ߝ௙ഥȀߝ௙ሻ is described by the following function of the stress state in R5 [4): 
 
ࢿࢌതതതȀࢿࢌ ൌ ܍ܠܘ ቂܘ ቀ૚ െ
ો૚
ોഥ ቁቃ ܍ܠܘ ቂܙ ቀ
૚
૛ െ
૜ો۶
૛ોഥ ቁቃ  Equation 18 
Where ı1, ıത and ıୌ are the maximum principal, equivalent and hydrostatic stresses respectively, p = 0. 1 5 and q = 
1 .25 for Type 316 stainless steels.  
4.4 Shakedown Factor 
Shakedown factors were taken for austenitic steel at maximum and minimum temperatures from R5 [1).  
By way of illustration these values are provided below: 
K (20°C) =  0.752 
K (590°) =  1.170 
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Figure 4 Local geometry of fillet wel
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ai =  0.02 mm (the weld endurance reduc
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Table 2  Summary of Assessment in Unmodified Tubes 
Table 3 Elastic Stress Ranges to Allow Continued Operation of Tubes through to End of Life 
 Allowable elastic stress range to allowed continued 
operation through to end of station life 
Assessment with original FSRF for undressed 
fillet weld = 4 
67MPa 
Assessment with updated WSEF for undressed 
fillet weld = 1.66 
160MPa 
 
5. Conclusions 
 
An overview of the high temperature creep fatigue R5 procedure for creep fatigue initiation in  austenitic 
materials is presented with a particular emphasis on a new weld procedure.  This splits the traditional fatigue 
strength reduction factor (FSRF) which is applied to both creep and fatigue strain predictions into a local weld strain 
enhancement factor (WSEF) and weld fatigue endurance reduction (WER). 
 
The new method is applied to an example of a fillet weld in a boiler tube where a significant increase in 
predicted life is illustrated by adopting the new method new method.  The principal advantage of the new method is 
in reducing the predicted stress at the start of creep dwells and hence the level of creep damage in a cycle. 
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